Recent evidence shows that high glucose levels recruit carbohydrate response element-binding protein, which binds the promoter of thioredoxin-interacting protein (txnip), thereby regulating its expression in β-cells. Overexpression of txnip not only induces β-cell apoptosis but also reduces insulin production. Thus, the discovery of compounds that either inhibit TXNIP activity or suppress its expression was the focus of the present study. INS-1E cells stably transfected with either a txnip proximal glucose response element connected to a luciferase reporter plasmid (BG73) or full-length txnip promoter connected to a luciferase reporter plasmid (CL108) were used in primary and secondary high-throughput screening campaigns, respectively. From 256 000 synthetic compounds, a small molecule compound, W2476 [9-((1-(4-acetyl-phenyloxy)-ethyl)-2-)adenine], was identified as a modulator of the TXNIP-regulated signaling pathway following the screening and characterized using a battery of bioassays. The preventive and therapeutic properties of W2476 were further examined in streptozotocin-induced diabetic and diet-induced obese mice. Treatment with W2476 (1, 5, and 15 μmol/L) dose-dependently inhibited high glucose-induced TXNIP expression at the mRNA and protein levels in INS-1E cells and rat pancreatic islets. Furthermore, W2476 treatment prevented INS-1E cells from apoptosis induced by chronic exposure of high glucose and enhanced insulin production in vitro. Oral administration of W2476 (200 mg·kg -1 ·d -1 ) rescued streptozotocin-induced diabetic mice by promoting β-cell survival and enhancing insulin secretion. This therapeutic property of W2476 was further demonstrated by its ability to improve glucose homeostasis and insulin sensitivity in diet-induced obese mice. Thus, chemical intervention of the TXNIPregulated signaling pathway might present a viable approach to manage diabetes.
Introduction
Thioredoxin-interacting protein (TXNIP), also known as vitamin D 3 up-regulated protein 1 (VDUP1) [1] or thioredoxin-binding protein-2 (TBP-2) [2] , is a ubiquitously expressed protein with a molecular weight of 50 kDa. It was initially identified as a negative regulator of thioredoxin [2] [3] [4] to mediate cellular oxidative stress [3] [4] [5] [6] [7] . Subsequent investigations have demon-strated that TXNIP regulates a wide variety of physiological processes, including cell growth, differentiation and death, energy metabolism and immune responses [8] [9] [10] [11] . A recent study showed that high concentrations of glucose could substantially increase the mRNA and protein levels of TXNIP in multiple β-cell lines and cultured islets of Langerhans from different mouse models of type 1 or type 2 diabetes [12] [13] [14] . One of the underlying mechanisms is that glucose recruits carbohydrate response element-binding protein (ChREBP), which binds the carbohydrate response element (ChoRE) located in the promoter of txnip [13] [14] [15] . Given that persistent hyperglycemia is a common manifestation of type 2 diabetes mellitus (T2DM) and its expression is rapidly and vigorously induced by glucose, TXNIP was proposed to be a key link between hyperglycemia and β-cell dysfunction [13, 16, 17] , insulin production [18] and insulin resistance [19] . It is known that TXNIP can induce cell apoptosis in response to oxidative stress [20] . β cells have low levels of antioxidant enzymes [21] and thus are more susceptible to apoptosis upon TXNIP overexpression [17] . TXNIP deficiency in the pancreas increases β-cell mass by inhibition of apoptosis [16, 22, 23] . TXNIP has been found to decrease insulin transcription by directly targeting or indirectly down-regulating v-maf musculoaponeurotic fibrosarcoma oncogene family protein A (MafA), a known insulin transcription factor [18] . TXNIP was also implicated in modulating insulin sensitivity by disrupting insulin-stimulated glucose uptake in the skeletal muscle and adipocytes [23] [24] [25] . Several studies using HcB-19 (txnip nonsense mutation), β-cell-specific txnip knockout (βTKO) and txnip deleted ob/ob mice supported the proposition that the inhibition of TXNIP is potentially a novel approach to combat type 1 and type 2 diabetes [10, 16, 23, 26, 27] by promoting β-cell survival and improving insulin sensitivity.
To date, no small molecule that can effectively modulate glucose-induced TXNIP overexpression has been reported. Here, we describe a high-throughput screening (HTS) assay that was applied to discover such modulators leading to the identification of W2476, a synthetic compound capable of lowering TXNIP expression induced by high concentrations of glucose. Therefore, the present study was designed to investigate the bioactivities of W2476 in β-cells both in vitro and in vivo.
Materials and methods

Chemistry
General statement
Reagents were of commercial grade and used as received unless otherwise noted. All new compounds were judged to be ≥95% pure by HPLC. NMR spectra were recorded on Varian Mercury 300 (Varian, Palo Alto, CA, USA). Chemical shifts were reported in parts per million (ppm), with the solvent resonance as the internal standard (CDCl 3 7.27 ppm for 1 H NMR, 77.23 ppm for 13 C NMR, DMSO-d 6 2.50 ppm for 1 H NMR, 39.51 ppm for 13 C NMR). Low-resolution mass spectral data (electrospray ionization) were acquired on a Finnigan LCQ-DECA mass spectrometer (Thermo Finnigan, Altrincham, Cheshire, UK). High-resolution mass spectral data (TOF) were acquired on an Agilent 6224 mass spectrometer (Agilent, Santa Clara, CA, USA). Samples were analyzed for purity on an HP1100 series (Agilent) equipped with a Zorbax SB-C18 column (5 μm, 4.6 mm×250 mm). Purities of final compounds were determined using a 5-μL injection with quantification by AUC at 210 nm and 254 nm (Agilent diode array detector).
1-(4-(2-Bromoethoxy)phenyl)ethanone
4'-Hydroxyacetophenone (M w = 136.1, 5 g, 0.0367 mol, 1 eq) was added to the mixture of 1,2-dibromoethane (M w = 187.9, d=2.17 g/mL, 24.05 mL, 0.2778 mol, 7.57 eq), potassium carbonate (M w =138.2, 17.87 g, 0.129 mol, 3.5 eq) and triethylbenzylammonium chloride (TEBA, catalytic amount) in ethyl acetate (100 mL) at 60 °C. The reaction was refluxed overnight. After cooling, water was added and the mixture was extracted with ethyl acetate (3×50 mL). The organic phase was washed with 1 mol/L NaOH solution and water, and then dried over anhydrous sodium sulfate. After filtration, the solvent was removed in vacuo, and the residue was separated on the Biotage SNAP cartridge KP-Sil 340 g column (Biotage, Shanghai, China) eluting with 30% ethyl acetate/petroleum ether. The product was obtained as yellowish oil, which was solidified after cooling (7.99 
9-((1-(4-Acetylphenyloxy)ethyl)-2-)adenine
Potassium carbonate (M w = 138.2, 0.27 g, 1.98 mmol, 2 eq) was added into the mixture of adenine (M w = 135.1, 0.13 g, 0.99 mmol, 1 eq) and 1-(4-(2-bromoethoxy)phenyl)ethanone (M w =243.1, 0.30 g, 1.23 mmol, 1.25 eq) in anhydrous DMF (30 mL). Then, the reaction was stirred at 80 °C overnight. After cooling, it was filtered and the solution was evaporated in vacuo to obtain the crude product, which was further recrystallized with ethanol to obtain the pure product (0. 23 Cell culture L6 myoblasts were cultured in DMEM containing 10% FBS. Upon differentiation, the concentration was decreased to 2%. Culture and differentiation of 3T3-L1 cells were conducted according to the literature [28] . Islets of Langerhans from Sprague-Dawley rats and mice were prepared using a collagenase digestion procedure as described previously [29] . Mouse hepatocytes were isolated using Selgen's two-step perfusion method [30] . 
Western blot analysis
Protein extracts from W2476-treated INS-1E cells were prepared according to the procedure published previously [17] . The following antibodies were used: TXNIP (1:400), MafA (F-6) (1:500), insulin (1:1000), cleaved caspase-3 (1:500), caspase-3 (1:1000), cleaved caspase-9 (1:1000), caspase-9 (1:1000), ChREBP (1:200), β-actin (1:2000), GAPDH (1:2000), goat antimouse IgG (1:8000) and goat anti-rabbit IgG (1:8000). Signals were detected by a ChemiDoc TM MP Imaging System from Bio-Rad Laboratories (Richmond, CA, USA).
Animal studies
All animal experimentation was conducted in accordance with the regulations adopted by the Animal Care and Use Committee, Shanghai Institute of Materia Medica, Chinese Academy of Sciences (approval number: 2014-SIMM-06).
A detailed flowchart of animal study procedures was shown in Figure S1 . Briefly, male C57BL/6 mice (SLAC Laboratory Animal Co, Ltd, Shanghai, China) were kept in a temperaturecontrolled room (22±2 °C), with a light/dark cycle of 12 h. Mice of 8 weeks of age were injected with streptozotocin (STZ; 40 mg·kg -1 ·d -1 for 5 d, freshly prepared in 0.1 mmol/L sodium citrate; pH 4.3-4.5) according to the procedure published previously [31] . For studying the preventive or therapeutic effect of W2476 on STZ-induced diabetic mice, either vehicle (0.5% methylcellulose, MC) or W2476 (200 mg·kg -1 ·d -1 ) was orally administered, respectively. Verapamil (positive control; Sigma, St Louis, MO, USA) was given in the drinking water (1 mg/mL, equivalent to an average dose of 100 mg·kg -1 ·d -1 ). Body weight and food intake were monitored daily, and blood glucose levels from 6-h fasting mice were measured. For the oral glucose tolerance test (OGTT), a bolus of 2 g/kg glucose was delivered to 6-h fasting mice, and blood glucose levels were determined at designated time points. At the end of the study, plasma insulin level was assessed using a mouse insulin ELISA kit (EZRMI-13K; Millipore, Temecula, CA, USA). The pancreas was removed from euthanized mice and subsequently fixed in 4% paraformaldehyde (PFA) for immunohistochemistry or for isolating the islets.
Four-week-old male C57BL/6J mice were fed on a high-fat diet (HFD; D12492, Research Diet, New Brunswick, NJ, USA) to establish a diet-induced obese (DIO) model or a standard chow diet (SCD; D12450B, Research Diet) and watered ad libitum. After 4-or 12-week HFD feeding, they were randomly assigned to 4 treatment groups (n=9-12 per group) with matched body weight: (1) ·d -1 oral W2476, and (4) 100 mg·kg -1 ·d -1 verapamil contained in drinking water (1 mg/mL). Body weight and food intake were recorded daily, and 6-h fasting blood glucose levels were measured every three weeks. Following a 4-h fasting period, an insulin tolerance test (ITT) was performed by intraperitoneal injection of 2.5 IU/kg insulin to measure blood glucose levels thereafter. At the end of 6-week treatment, samples were collected to examine insulin levels and the expression of TXNIP. Plasma biochemical indices were analyzed as described previously [32] .
Immunohistochemistry
Immunofluorescence imaging analysis was carried out as previously described [32] . Briefly, the pancreas was fixed with 4% PFA, embedded in paraffin, and sliced into 4-μm cross sections. Insulin and glucagon were stained with anti-insulin (1:200) or anti-glucagon (1:200; Abcam, Cambridge, MA, USA) antibodies, respectively. The nuclei were visualized with 4',6-diamidino-2-phenylidole (DAPI).
Statistical analysis
Data are presented as means±SEM and analyzed by Student's t-test or one-way ANOVA. P<0.05 was considered to be statistically significant. (Figure S2B ). These parameters indicate that the assay system was of high quality and well suited to HTS [33] . Of the 256 000 synthetic compounds from the collection of the Chinese National Compound Library screened, 892 (0.34%) initial hits were identified using 80% inhibition as the cut-off line (Figures S1C, S1D). They subsequently went through a secondary screening involving both BG73 and CL108 cells that yielded 4 confirmed hits (0.45% or an overall hit rate of 0.02‰).
Results
HTS assay development and compound screening
W2476 modulates TXNIP expression in INS-1E cells
Following the above confirmation studies, we selected one compound, WNN2476-A011 [W2476, 9-((1-(4-acetylphenyloxy)-ethyl)-2-)adenine, Figure 1A and Figure S3] Figure  1C ), implying that it did not inhibit TXNIP expression at BG, which might allow TXNIP to retain other functions [34] [35] [36] [37] [38] . To investigate whether W2476 could affect TXNIP expression in INS-1E cells, we treated the cells with 5 mmol/L or 25 mmol/L glucose for 6, 12, 24 and 48 h in the presence or absence of W2476 (10 μmol/L). Western blot analysis illustrated that 25 mmol/L glucose could significantly increase TXNIP expression from 6 h to 48 h, which was completely inhibited by 10 μmol/L W2476 ( Figure 1D ). W2476 at 1, 5 and Figures 1E, 1F) , respectively. These data demonstrate that the modulating effect of W2476 on TXNIP was both time-and concentration-dependent. The repressive property of W2476 on TXNIP expression was also observed in mouse hepatocytes, L6 myotubes and 3T3-L1 adipocytes ( Figure S4 ).
W2476 inhibits high glucose-induced apoptosis INS-1E cells were treated with 5 mmol/L or 33.3 mmol/L glucose for 48 h and subjected to various concentrations of W2476, followed by detection of TXNIP expression and cell apoptosis. We found that W2476 could significantly decrease TXNIP expression at 33.3 mmol/L glucose (Figures 2A, 2B ). Cell apoptosis was evaluated, revealing that 33.3 mmol/L glucose induced INS-1E cell apoptosis, which could be rescued by 10 μmol/L and 15 μmol/L W2476 ( Figures 2C, 2D ).
We also examined activation of caspases, critical biomarkers of cell apoptosis, in INS-1E cells. Western blot analysis showed that 33.3 mmol/L glucose increased the cleavage of caspase-3, which could be dose-dependently inhibited by W2476 ( Figures 2E-2G ). Moreover, W2476 exerted similar effects on the cleavage of caspase-9 ( Figures 2H-2J ). These results indicate that W2476 was able to reverse high glucoseinduced INS-1E cell apoptosis.
W2476 elevates insulin and MafA expression
Because TXNIP has been proposed to down-regulate the transcription of mafA and insulin, we investigated whether W2476 could reverse the impact of high glucose on MafA and insulin via reduction of TXNIP expression. INS-1E cells were incubated for 24 h with 5 mmol/L or 25 mmol/L glucose in the presence or absence of W2476, followed by analysis of gene and protein expression. In comparison to 5 mmol/L, 25 mmol/L glucose significantly attenuated insulin expression at both the mRNA and protein levels, which were accompanied by an increase in TXNIP expression. As TXNIP was diminished by W2476, MafA and insulin gene ( Figures 3A-3C ) and protein ( Figures 3D-3F ) expression were increased in a concentration-dependent manner. Isolated rat islets of Langerhans were also applied to verify this effect of W2476, in which islets were exposed to 33.3 mmol/L glucose with or without 15 μmol/L W2476 for 48 h. It was shown that W2476 decreased TXNIP mRNA level by 2-fold, and this reduction was accompanied by an increase in insulin transcription (Figures 3G-3H) . However, changes in mafA transcription were not observed under this condition ( Figure 3I ).
Therapeutic property of W2476 in STZ-induced diabetic mice
Previous studies suggest that genetic deletion and pharmacological inhibition of TXNIP were able to protect animals against STZ-induced diabetes [16, 39, 40] . In this study, STZinduced diabetic mice were employed to examine whether W2476 exerts a similar effect via modulating TXNIP. Figures  4D, 4E ). In addition, immunohistochemistry revealed that islet structure was severely disrupted, with poor insulin staining in STZ-treated mice, whereas normal insulin-containing islets were observed in both verapamil-and W2476-treated groups ( Figure 4F ). Figure  5A , fasting blood glucose levels in verapamil-and W2476-treated groups were both reduced by 27.7% on d 25. The OGTT study showed that glucose AUC 0-120 values in W2476-and verapamil-treated animals were reduced by 23.8% and 21.8%, respectively (P<0.01 and P<0.01; Figures 5B, 5C ). This was accompanied by parallel increases in plasma insulin levels by 34.43% (W2476) and 34.65% (verapamil) compared to STZ control ( Figure 5D ). Immunofluorescence staining of pancreatic cross-sections exhibited severe islet destruction in the STZ group, whereas normal morphology and intensive insulin staining were observed in W2476-and verapamil-treated animals ( Figure 5E ).
Preventive and therapeutic properties of W2476 in DIO mice
To study whether chronic administration of W2476 exerts protective or therapeutic effect in DIO mice, we fed C57BL/6 mice with HFD either for 4 weeks to create a pre-obese state, or for 12 weeks to present overweight, hyperglycemic, hyperinsulinemic and dyslipidemic features [41] . This was followed by 6-week daily treatment of either W2476 (200 mg/kg or 400 mg/kg) or verapamil (100 mg/kg). While the body weight on the last day of dosing and the average food intake during the 6-week treatment period did not significantly alter between HFD control and treatment groups in both preventive ( Figures  6A, 6B ) and therapeutic experiments ( Figures 7A, 7B) , significant reduction in fasting blood glucose and plasma insulin levels were observed after the treatment ( Figures 6C, 6F, 7C,  7D ). This was accompanied by improved ITT responses in W2476-but not verapamil-treated mice ( Figures 6G, 6H, 7E , 7F). To determine if the above beneficial effects are mediated via inhibition of TXNIP and the difference between W2476 and verapamil, we examined the level of TXNIP in metabolismrelated organs after treatment. W2476, but not verapamil, significantly decreased pancreatic TXNIP expression ( Figures  6D, 6E ). Neither W2476 nor verapamil exhibited any inhibitory effect on TXNIP in the subcutaneous fat, liver and skeletal muscle ( Figure S5 ). Pharmacokinetic analysis suggests that this differentiated action of W2476 may have resulted from its different tissue distribution ( Figure S6 , Tables S2, S3 ).
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At the end of the 6-week therapy, the plasma triacylglycerol level was markedly elevated in the HFD control, which was significantly reversed by W2476; no significant difference was found in plasma cholesterol and nonesterified fatty acid levels among the treatment groups in two experimental settings (Tables S4, S5 ). We also compared the low-density lipoprotein-cholesterol/high-density lipoprotein-cholesterol (LDL-C/ HDL-C) ratio in these animals, showing that long-term exposure to HFD increased the LDL/HDL ratio by 61.5%, which was decreased by 9.52% (200 mg/kg, P<0.05) and 23.81% (400 mg/kg, P<0.01) after two doses of W2476 administration (Table S5 ). This phenomenon was not observed in mice that received prophylactic W2476 treatment (Table S4) .
Discussion
ChREBP shuttling from the cytoplasm to nucleus binds to the ChoRE in the promoters of many genes [42] involved in glycolysis, lipogenesis and gluconeogenesis [42, 43] . Among them, TXNIP shows prominence [15] . Therefore, a search for small molecules capable of modulating ChREBP and the downstream signaling pathway is of interest.
ChREBP mainly regulates the expression of TXNIP in pancreatic β-cells. The link between TXNIP and diabetes has been recently strengthened with identification of effective modulators of TXNIP. Exenatide, a marketed anti-diabetic drug, was shown to suppress TXNIP expression in INS-1E cells and primary islets, leading to increased β-cell mass [22] . Verapamil, a calcium channel blocker, was also found to inhibit TXNIP expression in β-cells and exert a therapeutic effect on several diabetic animal models. However, the concentration of verapamil that inhibited TXNIP was extremely high (50 mmol/L) in vitro, suggesting its poor efficacy [31] . In this paper, we present a small molecule, W2476, as a modulator of TXNIP expression discovered by HTS and characterized using a battery of in vitro and in vivo bioassays.
A human microarray study initially established that TXNIP was powerfully stimulated by glucose [44] and may play an important role in the pathogenesis of T2DM [45] . It is known that transcription of txnip is regulated by glucose, and its promoter has a ChoRE site crucial for glucose-induced ChREBP/ Mlx heterodimer binding in β-cells [15] . BG73 cells with proximal elements of ChoRE in the txnip promoter were more sensitive to glucose in our reporter assay used for primary screening. Because CL108 cells with an intact txnip promoter responded to glucose in a manner similar to induction of TXNIP expression under physiological conditions, they were applied to secondary screening. Of note, W2476, identified by this cell-based assay system, exerted modulating action only in the high-glucose environment and had little impact when the glucose level was normal, as observed in CL108 cells. It is likely that W2476 may affect trans-acting factors bound to cis-acting elements located in the txnip gene [15] . The effect of W2476 was subsequently validated in INS-1E cells: it dosedependently reduced both TXNIP mRNA and protein levels.
TXNIP is implicated in glucotoxicity and hence, β-cell apoptosis [17] . Consistent with previous findings that exenatide and verapamil could prevent β-cells from apoptosis by decreasing TXNIP expression [22, 31] , we found that W2476 was also capable of protecting INS-1E cells from apoptosis induced by high glucose, probably through inhibition of the cleavage of caspase-3 and caspase-9. Impaired insulin transcription in diabetes appears to be involved in excessive β-cell expression of TXNIP: it is up-regulated in β-cells from diabetic subjects, and its overexpression induces miR-204, leading to impaired MafA transcription and insulin production [18] . In this study, we have demonstrated that: (1) TXNIP was significantly elevated by high glucose; (2) this phenomenon was accompanied by down-regulation of MafA and insulin expression; (3) W2476 could reverse this course via modulation of TXNIP; and (4) most of these effects were confirmed in isolated rat islets of Langerhans. Failure of W2476 to rescue MafA mRNA levels might have resulted from the indifference of this transcription factor to 48 h stimulation by either 33.3 mmol/L or 5 mmol/L glucose in isolated rat islets (data not shown). These protective effects on β-cells exerted by W2476, including enhanced β-cell mass by inhibiting apoptosis and improved function by increasing insulin production, appear to mimic those produced by TXNIP-deficient HcB-19 mice [16, 18] . TXNIP nonsense mutation (HcB-19) mice were found to exhibit lower blood glucose levels, increased β-cell mass and resistance to STZ-induced diabetes [46, 47] . bTKO mice also displayed defense against β-cell apoptosis induced by STZ injection [16] . In our in vivo experiments, a similar protective effect was observed in STZ-treated mice receiving W2476. Because verapamil was reported to inhibit β-cell TXNIP expression and prevent STZ-induced diabetes, it was applied as a positive control. Both W2476 and verapamil not only lowered blood glucose levels but also relieved diabetic symptoms and rescued β-cell loss in STZ-treated animals by lowering TXNIP. Our results are in line with previous reports that TXNIP deficient mice were resistant to STZ, and hence, development and progression of diabetes [39] . It has been demonstrated that disruption of TXNIP improved glucose homeostasis and ameliorated insulin sensitivity through activating insulin receptor substrate-1/Akt signaling [23] . Obesity is one of the most important factors in the development of insulin resistance. We employed a DIO model [41] to further elucidate the therapeutic property of W2476. Following induction with HFD, C57BL/6J mice exhibited significant increase in body weight and moderate hyperglycemia and hyperinsulinemia. After treatment with W2476 for 6 weeks, the fasting glucose level was markedly decreased without obvious changes in body weight and food intake. This observation is in agreement with the conclusion drawn from the investigations in HcB-19, TXNIP-deficient ob/ob and verapamil-treated BTBR ob/ob mice [16, 26, 31, 47] . DIO is characteristic of hyperinsulinemia and insulin resistance [41] . Following HFD induction, plasma insulin was significantly elevated in obese mice, which was corrected by 6-week treatment with W2476, but not verapamil. ITT results also support this phenomenon, ie, verapamil was less efficacious (prophylactic setting) or unable to (therapeutic setting) improve insulin sensitivity. Because verapamil, as a calcium channel blocker, interrupts intracellular calcium releases to affect insulin secretion and sensitivity [40] , its behavior described above is expected.
The beneficial effects of W2476 on glucose homeostasis and insulin resistance were accompanied by improved plasma lipid profiles displaying reduced triacylglycerol and increased LDL-C/HDL-C ratio, whereas cholesterol and nonesterified fatty acid were not affected. This observation is not consistent with the finding showing high plasma free fatty acid levels in TXNIP-deficient mice [11] . The nature of such a difference remains to be explored. In spite of efforts made by multiple laboratories, little is known about the molecular mechanism(s) of TXNIP in regulating metabolism, although the modulating effects of W2476 were demonstrated in INS-1E cells, hepatocytes, myotubes and adipocytes ( Figure S4 ). In this regard, W2476 may serve a valuable tool to elucidate the function of TXNIP.
In summary, a small molecule modulator of the TXNIP signaling pathway (W2476) was identified and preliminarily characterized in vitro and in vivo. W2476 improved β-cell dysfunction by protecting the cells against apoptosis and enhancing MafA and insulin expression. It exerted therapeutic properties in both STZ-induced diabetic and DIO mice. Our findings warrant further functional studies of ChREBP-regulated genes such as txnip to explore their potential application in treating T2DM.
